The current study proposes a simple constitutive model that integrates the kinetics of precipitation during static aging and the kinetics of precipitate dissolution during preheating to deformation temperature to predict the hot flow behavior of AA6063 alloy. The model relates the flow behavior of the age-hardenable alloy to the alloy chemistry, thermal history as well as deformation temperature, strain, and strain rate by means of a physically based model. Different aging conditions, including supersaturated solid solution and overaging conditions with different deformation parameters, were assessed. Each part of the model was in good agreement with those of experimental and other model results published in the literature.
I. INTRODUCTION
THE 6xxx series aluminum alloys are widely used in automotive and aerospace applications because of their high strength-to-weight ratio. [1] [2] [3] [4] [5] During the manufacturing of these alloy products, the cast ingots are deformed by successive hot deformation (rolling/extrusion) passes. [6] As precipitation hardening is a main strengthening mechanism in these alloys, the distribution of solute atoms in the matrix, which are mainly affected by predeformation heat treatment and the hot deformation conditions, plays a key role in the alloy strength and work hardening/softening behavior. [7, 8] The thermomechanical treatments applied during the hot deformation also affect the resulting microstructure and therefore the final alloy properties. [9] [10] [11] [12] [13] [14] Hence, in order to achieve the desired final microstructures and properties, it is necessary to carefully control the thermal and thermo-mechanical treatments.
One method of understanding the relationship between the microstructure and properties of the alloy in the thermomechanical treatment is to employ a physically based model that predicts the microstructural evolution at each stage of the treatment. In particular, the prediction of flow behavior is the main necessity in hot deformation modeling.
Although several studies concerning the hot flow behavior of aluminum alloys have been carried out in the past, [8, [15] [16] [17] [18] [19] to our knowledge, there is no mechanism-based model to predict the flow behavior of heat-treatable aluminum alloys under hot deformation conditions by considering the preaging treatment, preheat conditions, and work hardening, as well as, work softening at different conditions of deformation.
The flow strength of the age-hardenable aluminum alloy at high temperature is often described by an empirical constitutive equation, [8, 15] or by an artificial neural network (ANN) method [20, 21] which considers only the effect of deformation parameters on flow stress. The effect of the concentration of alloying elements in the matrix has also been introduced by incorporating a solute-dependent parameter in empirical constitutive equations, [18] but the effect of precipitates on the hot flow stress has not been considered in that study. Furthermore, these methods do not account for the microstructural evolution during deformation in the aluminum alloys. On the other hand, there have been a vast number of investigations on modeling static aging, [22, 23] and also the precipitates' dissolution while heating the aged alloys. [22, 24] For example, Vermolen et al. [24] proposed the finite volume method to handle the dissolution of precipitates as a moving boundary problem. This finite volume particle dissolution model has been applied successfully to calculate the dissolution of spherical particles in an aluminum matrix. [24] [25] [26] [27] Van der Langkruis et al. [19, 25, 26] performed experimental investigations on the effects of static aging and preheating conditions on the subsequent hot deformation flow behavior. They used transmission electron microscopy (TEM) micrographs and differential scanning calorimetry (DSC) curves to study the changes in the precipitate size and volume fraction, and the solute contents of the matrix after different cycles of aging and preheating conditions. They also applied the thermodynamic software package MTDATA and the dissolution model of Vermolen et al. [24] to predict the experimental DSC curves and changes in the solute content of the matrix during preheating. Although their model results were good at predicting the alloy behavior, different softwares and a relatively complicated numerical approach were needed.
In the current study, in order to achieve an integrated simple constitutive model describing the hot flow behavior of an age-hardenable Al alloy, the kinetics of precipitation of solute atoms is presented, while a simple approach is proposed for the precipitate dissolution modeling during preheating of the aged alloy at different deformation temperatures. In addition, the yield strength and strain hardening capacity of the alloy are modeled using a dislocation-based material model incorporating the effects of solutes and precipitates. Each part of the model is examined using the appropriate experimental and numerical results published in the literature. [19, 25, 26] II. MODELING
A. Constitutive Model
On the basis of microstructural changes during deformation, it is commonly assumed that the strength of different barriers to dislocation movement can be added to each other as follows [28] [29] [30] [31] [32] :
where r is the flow stress at a given temperature; r i is the intrinsic strength of pure aluminum, which is assumed to be constant for a given alloy; and r ss , r p , and r w are the solid solution hardening, precipitate hardening, and hardening due to interaction of moving dislocation with the dislocation substructure, respectively. The solid solution hardening component of flow stress at room temperature can be obtained as [23] r ss ¼ r ; ½2
where f is the precipitate volume fraction at a given aging time and temperature, and f peak is the precipitate volume fraction at the peak-aged condition. r ssi and r ssp are the solid solution hardening components in the as-quenched and the peak-aged alloys, respectively. r ssi is simply related to the total strength of quenched alloy (r q ) as
The solid solution hardening component at the peakaged condition depends on the aging temperature (T a ) [23] r ssp ¼ r ssi exp À 2 3
where Q s and T s are the free energies required for the solution of the solute atoms and the solvus temperature of precipitates, respectively. The contribution of precipitate hardening to the flow stress can be obtained by [31] r p ¼ r p;peak ffiffiffiffiffiffi ffi f f peak q r<r peak r p;peak
where r is the precipitate mean radius at a given aging time and temperature, and r peak and r p,peak are the precipitates' average radius and the precipitation hardening component at the peak-aged condition, respectively. r p,peak depends on the aging temperature as [23] 
where r p,max is the precipitation hardening component in situations where all solute atoms are depleted from the matrix. The hardening component resulting from the interaction between the moving dislocations and the dislocation substructure can be determined as [28, 33, 34] 
where a is a constant, M is the average Taylor factor, G is the shear modulus, b is the Burgers vector, and q is the dislocation density. The evolution of the dislocation density during plastic straining, as a result of competition between athermal storage and dynamic recovery of dislocations, can be modeled as [7, 32] 
where e is the strain; and k 1 , k 2 , and k D are constants.
The first term on the right-hand side of Eq. [8] accounts for the dislocation storage rate due to the interaction of moving dislocations with other dislocations, which shows that the storage rate of dislocations is inversely proportional to the mean free path of the moving dislocations. The second term is due to the storage of geometrically necessary dislocations in the presence of nonshearable precipitates. This term is added to the original model, which was developed for pure metals, to take into account the effects of nonshearable precipitates. The third term is for dynamic recovery, and k 2 is the dynamic recovery parameter, which depends on the deformation temperature, strain rate, and the solute distribution in the alloy. [7] The temperature and strain rate dependencies of the dynamic recovery parameter have been introduced via different relationships. [34] [35] [36] [37] In the current study, the following hyperbolic sine law was used to determine the steady-state stress in the hot deformation condition of the quenched alloy [36] :
where a, A, and n s are constants. Z is the ZenerHollomon parameter;
where _ e is the strain rate, and Q def is the activation energy for hot deformation.
On the other hand, at the steady-state condition (dq/ de = 0) for the alloy without any precipitates (i.e., k D = 0 and r p = 0), one can write Eq. [8] as
where q sat is the dislocation density at the steady-state condition, which can be calculated using Eqs. [1] , [7] , and [9] ;
It is well known that solutes modify the work hardening behavior by postponing the occurrence of dynamic recovery. [7] During aging from a supersaturated solid solution, the solutes are depleted from the matrix. Accordingly, the dynamic recovery parameter is increased during aging. This effect can be taken into account by modifying Eq. [11] as
where the exponent n C is constant, C 0 is the total solute content of the alloy, and C is the mean solute content of the matrix. In the age-hardenable 6xxx series aluminum alloys, magnesium and silicon are the main solute elements, and the mean solute content of the alloy can be related to the concentration of these elements by C ¼ C Mg þ 0:5C Si . [38] For the alloy containing nonshearable precipitates, it has been shown that the recovery process is accelerated in the vicinity of precipitates, because the strong stress field associated with Orowan loops favors the cross slip of the mobile dislocations moving near precipitates. [39] Following the treatment of Simar et al., [32] the effects of nonshearable precipitates on dynamic recovery can be included by introducing the p function, which is the probability that a gliding dislocation will not encounter a precipitate before meeting a dislocation of opposite sign.
where L 0 is the mean distance between two moving dislocations of the opposite sign. Using this probability function and assuming that the recovery parameter in the vicinity of precipitates is proportional to that of the matrix, one can write
where n p is a proportionality constant. The mentioned relations are used to evaluate the flow stress of the alloy, r, at the room-temperature deformation. However, at high temperature, the material strength decreases. The dislocation hardening component of flow stress (r w ) is temperature dependent through the recovery parameter and the shear modulus.
For aluminum alloys, the shear moduli are usually assumed to be a linear function of temperature: [40] G
where G ref = 25.4 GPa is the reference shear modulus at room temperature, and g(T) = 1.164-5.51 9 10 À4 T is a temperature-dependent factor. Similar to the shear modulus, the temperature dependency of strain-independent parts of the flow stress (i.e., r i , r ss , and r p ) can also be obtained by multiplying a temperaturedependent factor v(T) with the reference values obtained from Eqs. [2] and [5] . [36, 41] vðTÞ ¼ a 0 À a 1 T; ½17
where a 0 and a 1 are fitting constants.
To use these equations, some microstructural features like the solute content, precipitate size, and volume fraction are needed for different tempering conditions. Therefore, in the following sections, the kinetics of precipitation during aging and also the precipitates dissolution during preheating of the aged samples are considered.
B. Aging Kinetics
The equilibrium volume fraction of precipitates at a given aging temperature can be calculated as [23] 
where f max is the maximum volume fraction of the precipitates at zero Kelvin, which is related to the major solute content in the alloy (C Mg,0 ) and precipitate (C p ) in weight percent.
Assuming that magnesium is the major solute content of the alloy, the equilibrium concentration of magnesium in the aged alloy is related to the aging temperature by the following equation [23] :
The equilibrium concentration of silicon in the matrix can also be obtained as [42] C
where C Si,0 , C Fe,0 , and C Mn,0 are the total amounts of silicon, iron, and manganese of the alloy, respectively. The second and third terms of Eq. [21] account for the silicon contents participating in the formation of the precipitates and intermetallic compounds, respectively. In the current study, the overaged conditions were also considered, in which the precipitates' average size will increase because of coarsening. In fact, small precipitates dissolved in favor of coarser ones in the overaging stages. Coarsening can be well described by the following differential equation [31, 43] :
where k is the temperature-dependent material constant.
where k 0 and Q k are the coarsening constants. Integrating Eq. [22] results in the following:
C. Precipitate Dissolution During Preheating
During preheating from overaged conditions, the precipitate volume fraction and the average radius decrease, and the solute content of the matrix increases due to precipitate dissolution. In order to consider the dissolution phenomenon, we assumed that the precipitate distribution in the alloy matrix is uniform. Thus, the geometry of the precipitate is simplified assuming a spherical precipitate with a radius equal to the average size obtained from the precipitation kinetics model described in Section II-B. This precipitate is embedded in the spherical matrix. The radius of the matrix can be determined by the volume fraction and size of the precipitates obtained from the precipitation kinetics model. The rate of precipitate's radius changes during dissolution can be well described by the following differential equation [22, 24] :
where C i is the solute concentration in the precipitate/ matrix interface, and D is the solute diffusivity in the matrix. The interfacial solute concentration and the solute diffusivity can be related to temperature via the following Arrhenius-type equations [44, 45] :
where C e , D 0 , Q e , and Q d are constants. In the current study, for taking into account the variation in the matrix solute concentration during dissolution, a finite difference scheme was used to solve Eq. [25] , as follows:
Dt: ½28
The mean solute content of the matrix can be obtained by a mass balance:
where Df is the dissolved precipitate volume fraction in the time interval Dt. The precipitate volume fraction in each time step can be obtained as
At the beginning of preheating (i.e., t = 0), the precipitate volume fraction is equal to the equilibrium volume fraction (f 0 = f peak ), since just the overaged samples are considered here and precipitate size is equal to the size obtained at the end of the static-aging stage. Finally, the predicted precipitate size, volume fraction, and solute contents of the matrix are used in the constitutive model described in Section II-A.
III. RESULTS AND DISCUSSION
The developed model was applied to the AA6063 alloy with a chemical composition of 0.45 wt pct Mg, 0.4 wt pct Si, and 0.19 wt pct Fe, at different tempering conditions, as shown in Table I . Some of the material constants used in the model were directly extracted from the literature (Table II) . The remaining parameters were obtained within their physical limits by least-square fitting of the predicted values on the experimental data.
A. Aging Kinetics
The kinetics equations (Eqs. [18] and [24] ) were used to predict the precipitates' average radius and volume fraction, respectively, after different cycles of aging. The material constants used in the kinetics model are shown in Table II . The model predictions were compared with the results reported in References 19 and 25, which were obtained for the same conditions, and from direct measurements using TEM, or indirect measurements by fitting on the DSC curves, which are shown in the Figures 1 and 2 . As shown in these figures, the predicted values for precipitate size and volume fraction are in good agreement with the experimental data. The mean deviations obtained for the precipitate size and volume fraction are approximately 15 pct and 6 pct, respectively. In Figure 3 , the predicted values for mean solutes content of matrix (C) are compared with the predictions of thermodynamic software package MTDATA reported in References 19 and 26. According to Figure 3 , the solute contents predicted by the model are close to the values obtained from the thermodynamic software, with a mean deviation of approximately 8 pct. Therefore, the precipitation kinetics model is capable of predicting the microstructural evolution during aging treatment.
B. Dissolution Kinetics During Preheating
The DSC experiments reported in References 19 and 25 were used to validate the modeling of the precipitate dissolution kinetics presented in Section II-C. The relative volume fraction (f r ) of dissolved precipitates during preheating can be related to the heat release per unit mass, Q, which is due to the dissolution process during DSC. [48] f r ¼
where t f is the total time of heat effect, and A Tot is the total area under the traces. Thus, the variation of the relative volume fraction can be calculated as
On the other hand, the relative volume fraction of dissolved precipitates can be written as
; ½33 where r 0 is the precipitate average radius at the end of the aging stage obtained from Eq. [24] . Using Eq. [33] , the following relation is obtained: 124 kJ/mol Q k 133 kJ/mol 46] 63.4 wt pct Q s 90 kJ/mol C e [47] 89 wt pct r peak [46] 5 nm Q e [47] 31 kJ/mol [19] and [26] .
From Eqs. [32] and [34] , the heat flow rate during each DSC run can be calculated as
Hence, the heat flow rate can be calculated from Eq. [35] with the precipitate's radius obtained from Eqs. [25] and [28] . The calculated heat flow rates are compared with the experiments shown in Figures 4 and  5 , conducted at different heating rates. It should be noted that the values of the adjustable parameters in the precipitation kinetics model were obtained by fitting the predicted particle size and volume fraction to the corresponding experimental data (Section III-A) . The values of interfacial solute concentration and the solute diffusivity needed for dissolution modeling were taken from the literature ( Table II) . As seen in Figures 4 and  5 , the dissolution kinetics model can predict the experimental heat flow curves for different heating rates and different aging treatments very well. Because the values predicted by the precipitation kinetics model (i.e., particle size, volume fraction, and solute content of matrix) are used as the input values in the dissolution kinetics model, the ability of model to predict the experimental heat flow curves of samples with different aging treatments supports the accuracy of both precipitation and dissolution kinetics models. Furthermore, the variation of the mean solute content of the matrix during preheating is predicted by the model as presented in Figures 6 and 7 . In these figures, the predictions by the finite volume method proposed in References 18, 25, and 26 are also exhibited. As observed in Figures 6 and  7 , although the current approach is very simple and easy to use compared with the previously mentioned model, the results are almost the same.
C. Hot Flow Curves
In order to obtain the hot flow curves of alloy with different heat-treatment histories, after calculating the precipitate features and solute content of the matrix during aging and subsequent preheating, the equation of dislocation density evolution (Eq. [8] ) has been solved numerically. By substituting the obtained dislocation density in Eq. [7] , the work hardening component of flow stress has been calculated. The other contributions to flow stress from the precipitates and solute hardening components have also been calculated using Eqs. [2] and [5] . Finally, by adding these contributions to each other (Eq. [1] ) the total flow stress is calculated as a function of previous aging treatment, preheating history, and deformation parameters (i.e., the temperature, strain, and strain rate). The model constants are shown in Table III . In Figures 8, 9 , and 10 the predicted and experimental flow curves at different tempering and deformation conditions are compared. From these figures, the WQ alloy shows a higher flow stress at both temperatures compared with the aged samples. The higher flow stress of WQ is usually related to the retarding effects of solute atoms on dynamic recovery. In addition, when the deformation temperature increases, the yield stress and the work-hardening rate decrease. The reduction in the work-hardening rate are related to a decrease of the dislocation obstacle efficiency and to the thermal activation of dynamic recovery. [49] According to Figures 8 through 10 , although there are some deviations from experimental data at the very low strains, the model can predict the experimental stress-strain curves with a reasonable accuracy. As shown in Figure 9 , the model can predict the flow stress variations in the wide range of strain rates (i.e., 0.4 s À1 , 4 s À1 , and 40 s À1 ), which shows that the model can be applied for the real metal forming process with a wide range of strain rates in the deforming material. 
IV. SUMMARY
An integrated simple model was developed to predict the kinetics of precipitation from solute elements, precipitate dissolution during preheating to deformation temperature, and subsequent hot flow behavior. The model relates the chemistry and thermal history to the final plastic properties of the age-hardenable alloy. In addition to the effects of solute and precipitates on initial yield strength, their effects on dynamic recovery and work hardening at different deformation temperatures and strain rates were considered by modifying the classical work hardening model. Each part of the model was validated through application on experimental and more complicated model results reported in the literature. It was demonstrated that the proposed approach to modeling the high temperature flow curves for different pretreatments and reheating conditions can be used successfully for the age-hardenable aluminum alloys. The proposed model can also be used in a finite element code to analyze the real formation process.
